Mosquito innate immunity is comprised of both cellular and humoral factors that provide protection from invading pathogens. Immune cells, known as hemocytes, have been intricately associated with these immune responses through direct roles in phagocytosis and immune signaling. Recent studies have implicated hemocytes as integral determinants of anti-Plasmodium immunity, yet little is known regarding the specific mechanisms by which hemocytes limit malaria parasite survival. With limited genetic tools to enable their study, we employed a chemical-based treatment widely used for macrophage depletion in mammalian systems for the first time in an invertebrate organism. Upon its application in Anopheles gambiae, we observe distinct populations of phagocytic immune cells that are significantly depleted, causing high mortality following bacterial challenge and an increased intensity of malaria parasite infection. Through these studies, we demonstrate that phagocytes are required for mosquito complement recognition of invading ookinetes, as well as the production of prophenoloxidases that limit oocyst survival. Through these experiments, we also define specific sub-types of phagocytic immune cells in An. gambiae, providing new insights beyond the morphological characteristics that traditionally define mosquito hemocyte populations. Together, this study provides the first definitive insights into the dual roles of mosquito phagocytes in limiting malaria parasite survival, and illustrates the use of clodronate liposomes as an important advancement in the study of invertebrate immunity.
49 50 Introduction 1xPBS. Liposome injections were performed either on naïve mosquitoes one day prior to for each transcript (29) . A list of primers used for gene expression analyses are listed in Table S1 . 168 Phagocytosis assays 169 Phagocytosis assays were performed by injecting 69 nl of red fluorescent FluoSpheres 170 at final concentration of 2 % (vol/vol) into naïve, 24 h blood-fed, or 24 h P. berghei-infected 171 mosquitoes as previously (20) . Following injection, mosquitoes were kept at 19°C for 2 h 172 before hemolymph was perfused onto a multitest glass slide. Hemocytes were allowed to 173 attach the slide for 30 min at room temperature (RT) and were then fixed with 4% 174 paraformaldehyde for 30 min. Slides were washed 3 times in 1x PBS for 5 min each wash, 175 then blocked in 1% of bovine serum albumin (BSA) for 30 min. To visualize cells, samples 176 were incubated with 1:500 WGA overnight at 4°C. Hemocytes were washed three times 177 in 1x PBS, then mounted with ProLong®Diamond Antifade mountant with DAPI. 178 Hemocytes labelled with WGA and harboring red fluorescent beads were considered as 179 phagocytes. Phagocytic activity was evaluated as the number of immune cells engulfing 180 one or more fluorescent beads divided by total immune cell population (n=50/mosquito) 181 counted from random chosen fields under a fluorescent microscope. The average number 182 of fluorescent beads per phagocyte was also determined and is referred to as the 183 phagocytic index.
184
Bacterial challenge experiments 185 Bacteria were grown in LB media overnight at 37°C with 210 rpm. Bacterial cultures were 186 centrifuged at 8000 rpm for 5 min, washed twice with 1x PBS, and resuspended in 1xPBS.
187
~24 h after pre-treatment with control or clodronate liposomes, mosquitoes (n=30) were 188 injected with 69 nl of bacterial suspensions (100X dilution of Serratia marcescens or 189 Staphylococcus aureus at OD600=0.4) using a nanoinjector. Mosquitoes pre-treated with 190 control liposomes were also injected with 69 nl of 1x PBS to serve as an additional control. 191 Following challenge, mosquitoes were maintained at 27°C and 80% relative humidity with 192 mosquito survival monitored every 24 h for 10 days.
193
Western blot analysis 194 Following liposome treatments, hemolymph was perfused from individual mosquitoes (n=15) at naïve or 24 h P. berghei-infected mosquitoes using incomplete buffer 196 (anticoagulant solution without fetal bovine serum) containing a protease inhibitor cocktail 197 (Sigma) (10). Hemolymph protein concentrations were measured using Quick and Alexa Fluor 488 goat anti-rabbit IgG (1:500, Thermo Fisher Scientific) secondary 225 antibodies in blocking buffer for 2 h at RT. Midguts were washed three times in 1xPBS, 226 then mounted with ProLong®Diamond Antifade mountant with DAPI.
227
RNA-Seq and differential gene expression analysis 228 Adult female mosquitoes were pre-treated with either control or clodronate liposomes as 
245
Raw sequencing data was analyzed by the Iowa State genome Informatics Facility.
246
Sequence quality was assessed using FastQC (v 0.11.5) (34), then paired end reads 247 were mapped to the Anopheles gambiae PEST reference genome (AgamP4.9) 248 downloaded from VectorBase (35) using STAR aligner (v 2.5.2b) (36). Genome indexing 249 was performed using the genomeGenerate option and corresponding GTF file 250 downloaded from VectorBase (version 4.7) followed by mapping using the alignReads 251 option. Output SAM files were sorted and converted to BAM format using SAMTools (v 252 1.3.1) (37), and counts for each gene feature were determined from these alignment files 253 using featureCounts (v 1.5.1) (38) . Reads that were multi-mapped, chimeric, or fragments 254 with missing ends were excluded. Counts for each sample were merged using AWK script 255 and differential gene expression analyses was performed using edgeR (39). Differentially 256 expressed genes with a q-score ≤ 0.1 were considered significant and were used for 257 downstream analyses. Gene expression data have been deposited in NCBI's Gene 258 Expression Omnibus (40) and are accessible through GEO Series accession number 259 GSE116156 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE116156). Table S1 . and then resuspended in nuclease free water to 3 µg/µl after ethanol precipitation. Three 284 to four day old mosquitoes were cold anesthetized and injected in the thorax with 69 nl 285 (~200 ng) of dsRNA per mosquito. The effects of gene silencing were measured 2 days 286 post-injection in whole mosquitoes (n=15) by qRT-PCR as described above. Although dissolved in nuclease free water as previously described (42). PO activity was measured 300 at 490 nm every 5 min for 30 min, then the final activity was measured at 60 min using a 301 microplate reader (Molecular Devices).
302
Hemocyte immunofluorescence assays 303 Hemocyte immunofluorescence assays were performed using a PPO6 antibody as 304 previously described (8, 9) . Mosquitoes pre-treated with either control liposomes or 
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322
Phagocyte depletion using clodronate liposomes 323 In an effort to understand the principal roles of phagocytic immune cells in mosquito 324 immunity, clodronate liposomes were employed to chemically deplete phagocytes in An. previously (20, 43) . Clodronate treatment reduced the percentage of granulocytes by 333 ~40% in naïve mosquitoes when examined at either 24 or 48 hours ( Fig. S2 ), yet higher 334 levels of depletion (~90%) were observed in blood-fed or P. berghei-infected samples 335 ( Fig. S2 ). This increase in phagocyte depletion may be attributed to the enhanced 336 phagocytic ability and capacity following the physiological changes that accompany 337 blood-feeding ( Fig. S3 ), presumably enabling a higher dosage of clodronate to the cell.
338
Depletion was further validated by immunofluorescence of fixed hemocyte populations 339 stained with DiI and WGA, which have previously been used to label hemocyte populations (11, 20, 28) , demonstrating that immune cell populations were significantly 341 reduced in CLD-treated mosquitoes when compared to liposome controls (Fig. 1A ). This 342 morphological data supports that granulocyte populations are significantly reduced 343 following clodronate treatment.
344
Based on our previous work isolating phagocytic immune cells by their phagocytic 345 properties (10), we employed a similar approach to distinguish the effects of clodronate 346 treatment on phagocytic cells utilizing flow cytometry analyses. Using fluorescent beads 347 to distinguish phagocytic cells from other hemocyte subtypes ( Fig. S3 ; (44) ). Similar comparisons between control and CLD treatments display no major 370 differences between these upper and lower populations (Fig. S6C ). These data suggest 371 that these two populations are distinct cell types with different phagocytic potential, which 372 may explain why the increased phagocytic activity in the upper cell population results in 373 a stronger depletion following CLD treatment.
374
Phagocyte depletion increases susceptibility to bacterial infections 375 To determine the influence of phagocyte depletion on immune function and host survival, 376 control and CLD liposome treated mosquitoes were challenged with bacteria. Injury alone 377 had little effect on mosquito survival, while challenging with either gram (+) or gram (-) 378 bacteria had notable impacts on survivorship (Fig. 2) . However, the impact of phagocyte 379 depletion significantly decreased mosquito survival to S. marcescens ( Fig. 2A ) and S. 380 aureus challenge ( Fig. 2B ). Mosquitoes were highly susceptible to S. marcescens, killing 381 all CLD treated mosquitoes within 2 days post-challenge ( Fig. 2A) . Given the importance 382 of phagocytic cells as immune sentinels required to remove invading pathogens (46, 48, 383 49), these experiments further demonstrate the effects of clodronate depletion and the 384 important contributions of phagocytes as critical effectors of mosquito cellular immunity.
385
Phagocyte depletion impairs "early-" and "late-phase" mosquito immunity 386 Several studies have implicated the important role of hemocytes in anti-Plasmodium 387 immunity (10, 12, 15, 18, 20, 28, 43 ), yet the specific contributions of phagocytic immune 388 cells in these immune responses have remained elusive. To investigate the specific role 389 of phagocytes on malaria parasite survival, control and CLD-treated mosquitoes were 390 challenged with P. berghei infection (Fig. 3 ). Phagocyte depletion significantly increased 391 mature oocyst numbers at day 10 ( Fig. 3A) , indicating that phagocytes serve as critical 392 determinants of parasite survival. When further examined temporally, early oocyst 393 numbers were significantly increased 2 days post-infection (Fig. 3B ). With integral roles 394 in ookinete lysis (33, 50, 51), we examined TEP1 expression in mosquito hemolymph in 395 control and clodronate-treated mosquitoes (Fig. 3C ). TEP1 protein levels in naïve or P. 396 berghei-infected mosquito hemolymph were not influenced by phagocyte depletion (Fig.   397 3C), however in CLD-treated mosquitoes, TEP1 binding to invading ookinetes was significantly impaired (Fig. 3D) . These data argue that mosquito phagocytes mediate 399 TEP1 recognition of invading ookinetes, and is supported by recent findings arguing that 400 hemocyte-derived microvesicles deliver critical factors needed to establish mosquito 401 complement binding to the parasite surface (28).
402
Previous work has also demonstrated the integral role of hemocytes in defining oocyst 403 survival (20, 21). To examine the effects of phagocyte depletion in limiting oocyst 404 numbers, early and late oocyst were measured. In control mosquitoes, oocysts were 405 significantly reduced between Day 2 and Day 8 ( Fig. 3E ), in agreement with previous 406 descriptions of mosquito late-phase immunity (20) (21) (22) 52) . However, in CLD-treated 407 mosquitoes, oocyst survival was increased ( Fig. 3F ), suggesting that phagocytes 408 contribute to both early-and late-phase immune responses that limit parasite numbers in 409 the mosquito host.
410
Further experiments in which mosquitoes were treated with CLD ~24 h after P. berghei 411 challenge demonstrate that there are temporal aspects to the anti-Plasmodium immune 412 responses that correspond with phagocyte depletion. In contrast to the results of Fig. 3A , 413 phagocyte depletion after ookinete invasion had no effect on malaria parasite survival 414 ( Fig. 3G ) although phagocytes were significantly depleted by 77% following CLD 415 treatment after the infection had been established (Fig. S7) . Importantly, this suggests 416 that immune responses mediated by phagocytes are induced shortly after ookinete 417 invasion (<24 h), that once these immune mechanisms have been initiated, mosquito 418 phagocytes are no longer required.
419
RNA-seq reveals changes in gene expression associated with phagocyte depletion.
420
Evidence form Drosophila argues that hemocyte-derived signals are required to initiate 421 humoral immune responses (53, 54), which may similarly contribute to anti-Plasmodium 422 immunity in the mosquito host. To better understand the effects of phagocyte depletion 423 on mosquito immunity, RNA-seq analysis was performed on control and CLD-treated 424 mosquito carcass samples 24 h after P. berghei infection. To our surprise, only 50 425 transcripts were differentially regulated (Table S3 ), of which the majority had annotated 426 immune function (Fig. 4A) . This included the known phagocyte proteins LRIM 16A, LRIM 16B, and nimrod B2 (10), as well as several other leucine rich-repeat (LRR) proteins, 428 fibrinogens, and multiple prophenoloxidase (PPO) genes ) that 429 were significantly down-regulated following CLD treatment (Fig. 4B ). Additional validation 430 of the RNA-seq data was performed using qRT-PCR analyses on select genes, producing 431 comparable levels of gene expression and a significant correlation (R 2 =0.94) between 432 both types of analyses (Fig. S8 ).
433
PPO expression and phenoloxidase activity are significantly reduced following 434 phagocyte depletion 435 With the identification of multiple PPO genes influenced by phagocyte depletion (Fig. 4B) , 436 we further explored this conspicuous result by examining the expression of all 9 annotated 437 PPO genes. When PPO expression was examined in the carcass, all 9 PPO genes 438 displayed a significant reduction in their expression ( Fig.4C ), similar to our RNA-seq 439 analysis. In contrast, when perfused hemocytes were examined (Fig. 4D) , only PPO-2, -440 3, -8, -9 expression were significantly reduced following CLD-treatment arguing that some (Fig. 4E ). The influence of blood feeding amplified these responses, reducing PO 446 activity across all sample time points (Fig. 4E) . Similarly, PO activity was reduced 447 following P. berghei infection, although the kinetics of the reaction were slower and 448 produced lower levels of activity by comparison to the non-infected blood feeding ( Fig.   449 4E). Together, these data imply that PPO expression and subsequent PO activity are 450 impaired following phagocyte depletion.
451
Multiple PPOs influence Plasmodium oocyst survival 452
Based on the RNA-seq results and reduced PO activity in CLD-treated mosquitoes (Fig.   453 4), we examined several candidate immune genes that featured prominently in our 454 analyses to assess their respective contributions to Plasmodium survival using RNAi. For 455 this reason, we examined CLIPD1, a putative leucine-rich immune protein (LRIM) AGAP001470, as well as multiple PPO genes . All eight candidate genes were significantly silenced following the injection of dsRNA (Fig. S9 ). As spreading/elongated or rounded morphological features were used to further define these enabling a phagocyte-specific proteome (10). Similarly taking advantage of these this increased phagocytic activity remain unknown, other studies have reported increased 544 cellular activity and up-regulation of immune related molecules in hemocytes following 545 blood feeding (9, 10), which may lead to an increased capacity to ingest clodronate 546 liposomes under these physiological conditions. where malaria parasite first become exposed to components of the mosquito hemolymph 569 (22, 59). There mosquito complement recognition directs ookinete killing responses that 570 require TEP1 function (33, 50, 51) . Following phagocyte depletion, early oocyst numbers 571 are significantly increased, suggesting that clodronate treatment increases the survival of 572 invading ookinetes. As a result, we therefore examined the effects of phagocyte depletion 573 on TEP1 expression. Although circulating levels of TEP1 were not altered in mosquito 574 hemolymph following CLD treatment, TEP1 binding to invading ookinetes was 575 significantly impaired. This is in agreement with recent studies by Castillo et al. (28) that 576 argue that hemocyte-derived microvesicles (HdMV) are critical mediators of TEP1 binding 577 to invading ookinetes, suggesting that phagocytic immune cells produce the HdMV 578 required for ookinete lysis.
579
In addition to these "early-phase" immune responses, phagocyte depletion via clodronate 580 liposomes also increased Plasmodium oocyst survival similar to previously characterized 581 "late-phase" phenotypes (20) (21) (22) 52) . Previous results have implicated hemocytes in this 582 process (20, 21), yet through the use of clodronate liposomes we can confirm the specific 583 involvement of phagocytes in mediating oocyst killing responses. Importantly, our results
584
shed new insight into the mechanisms of late-phase immunity through the identification 585 of multiple PPOs that are dysregulated following phagocyte depletion. Through gene-586 silencing experiments, we demonstrate the ability to selectively target individual PPO 587 genes to evaluate the contributions of six individual PPOs on malaria parasite survival.
588
From these experiments, we identify 3 PPO genes, PPO2, PPO3, and PPO9 that limit the 589 survival of Plasmodium oocysts. Most commonly associated with melanization, the role 590 of PPOs in oocyst killing has not been fully elucidated, but the lack of melanized oocysts 591 in our experiments suggest a different mechanism of action. In addition to the production 592 of melanin, PPOs have been implicated in coagulation and wound healing responses that 593 contribute to the elimination of bacterial, viral, and parasitic pathogens (60-64). As a 594 result, we believe that these killing responses are likely mediated by cytotoxic 595 intermediates produced by the activation of the phenoloxidase (PO) cascade (65). This 596 includes reactive oxygen or nitrogen intermediates that may be permeable to the midgut 597 basal lamina that otherwise protects maturing oocysts from components of the mosquito 598 hemolymph. However, the exact mechanisms by which a subset of PPOs promote 599 parasite killing have yet to be identified and are the focus of future work.
600
While the role of PPOs in innate immunity has been well studied in other insects (60, 66), 601 our current understanding of PPOs in mosquitoes has been limited and further 602 complicated by their recent gene expansion in mosquito species. An. gambiae has nine 603 annotated PPO genes, compared to only three identified in Drosophila. Based primarily 604 on evidence from other insect systems, mosquito oenocytoid populations have 605 predominantly been implicated in the expression of mosquito PPOs. However, recent 606 studies have begun to illustrate that phagocytic cell populations are also important 607 components of mosquito PPO production (10, 57), in agreement with our results following 608 phagocyte depletion. This is further supported by additional studies examining PPO6 609 transgene expression in An. gambiae (56, 57) , and PPO staining in granulocytes of 610 mosquitoes, moths, and houseflies (2, 8, 9, 67, 68 ) that together argue that phagocytic 611 cell populations have integral roles in PPO expression and PO activity. Moreover, we 612 believe that these functional characterizations and differences in PPO expression make and oocysts (Fig. 7) , that when ablated significantly increase parasite survival. However, 629 when phagocytes are depleted by clodronate treatment after ookinete invasion has 630 occurred, the immune signals that contribute to these immune killing responses have berghei-infected conditions (E). Measurements (OD490) were taken for DOPA conversion 944 assays at five minute intervals from 0 to 30 minutes, then again using a final readout at 945 60 min. Data were analyzed using a two-way repeated measures ANOVA followed by 946 Sidak's multiple comparisons using GraphPad Prism 6.0. Bars represent mean ± SEM of 947 three independent experiments. Asterisks denote significance (*P < 0.05, **P < 0.01, ***P 948 < 0.001, ****P < 0.0001). invading ookinetes and the production of prophenoloxidases that limit oocyst survival.
